The diabetogenic agent alloxan is a triketone that selectively destroys pancreatic beta cells. To investigate the importance of the triketone structure of alloxan for its cytotoxic potency, alloxan was compared with ninhydrin, also a triketone, and the amino derivative of alloxan uramil, which is not a triketone, because the 5-keto group of the alloxan is replaced by an amino group. Both compounds are cytotoxic but not diabetogenic. Ninhydrin was capable of generating cytotoxic reactive oxygen species (ROS) through redox cycling with dithiols, and uramil could also generate cytotoxic ROS. Both ninhydrin and uramil could not redox cycle with glutathione (GSH) and were not selectively toxic to beta cells; their structure does not allow selective cellular uptake via the GLUT2 glucose transporter. Thus, the results show that the 5-keto group in the pyrimidine ring structure of the triketone alloxan is crucially important for its ability to be selectively taken up into the beta cells via the specific glucose transporter GLUT2. The 5-keto group of the molecule enables redox cycling of alloxan through reaction with glutathione (GSH), thereby generating the cytotoxic ROS. Thus, the unique combination of these two properties confers on alloxan the beta cell-selective toxicity and diabetogenicity. Replacement of the 5-keto group by an amino group, as in uramil, abolishes selective beta cell toxicity because of the loss of the glucose analogue structure and the capability to generate ROS via redox cycling with GSH and cysteine. Antioxid. Redox Signal. 10,[691][692][693][694][695][696][697][698][699] 691
INTRODUCTION T
HE DIABETOGENIC AGENT alloxan (2, 4, 5, 6 [1H, 3H]-pyrimidinetetrone), a triketone, can generate reactive oxygen species (ROS) in a cyclic reaction between this substance and its reduction product, dialuric acid. Reduction of alloxan to dialuric acid in the cell requires the presence of a suitable thiol, typically the tripeptide glutathione (GSH) (4, 7, 18, 31) .
In the present investigation, we studied the importance of the triketone structure of alloxan ( Fig. 1) for its cytotoxic potency. For this purpose, we compared alloxan with ninhydrin, also a cytotoxic triketone (see Fig. 1 ), which, however, is not diabetogenic (5, 12) . Furthermore, we compared alloxan with the closely related nondiabetic compound uramil (5), the amino derivative of alloxan (16) , which is not a triketone because the 5-keto group of the alloxan molecule is replaced by an amino group in this compound (see Fig. 1 ).
We show in this study that the 5-keto group of the triketone structure of alloxan is not only crucially important for its ability to initiate redox cycling through reaction with the monothiol glutathione, thereby generating cytotoxic reactive oxygen species but also that the 5-keto group is an integral element of the chemical structure of this pyrimidine derivative, which confers on it the similarity with the glucose molecule that is required for the selective uptake of alloxan into the pancreatic beta cell and thus for its selective toxicity and diabetogenicity.
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MATERIALS AND METHODS

Materials
Alloxan monohydrate, uramil (5-aminobarbituric acid), reduced L-glutathione (GSH), L-cysteine, L-dithiotreitol (DTT), and catalase (from bovine liver) were obtained from Sigma (Munich, Germany); streptozotocin, from Alexis Biochemicals (Lausen, Switzerland); and superoxide dismutase (SOD), from bovine erythrocytes from Roche Diagnostics (Mannheim, Germany). Geneticin (G 418), zeocin, lipofectamine, and all other tissue-culture equipment were from Invitrogen (Karlsruhe, Germany). All other reagents of analytic grade were from Merck (Darmstadt, Germany).
Tissue culture
The RINm5F insulin-producing tissue culture cells were established by Gazdar et al. (10) by a radiation-induced rat pancreatic islet tumor. The cells (passages 55-75) were cultured in RPMI 1640 medium, supplemented with 10 mM glucose, 10% (vol/vol) fetal calf serum, penicillin, and streptomycin in a humidified atmosphere at 37°C and 5% CO 2 .
Stable overexpression in RINm5F cells
Overexpressing RINm5F cells were generated through stable transfection of the respective cDNA under the control of the cytomegalovirus promoter in the pcDNA3 vector by using lipofectamine (29) . Transfection of rat GLUT2 glucose transporter cDNA in RINm5F cells was achieved as described (8) . The GLUT2 protein expression in cell clones was compared with the expression level in rat liver (defined as 100%; n ϭ 4). In GLUT2-overexpressing RINm5F insulin-producing cells, the expression reached the same level as in liver [104 Ϯ 7% (n ϭ 4)], whereas in control RINm5F cells, it was negligible (Ͻ1% of control), as shown before (8) . Transfection of rat cytoplasmic Cu/Zn SOD cDNA and of human catalase cDNA alone, as well as double transfection of Cu/Zn SOD cDNA plus catalase cDNA in RINm5F cells, was performed as described (30) . Transfected clones were selected through resistance against geneticin (29) and, in the case of the double transfection, additionally against zeocin (30) .
Exposure to chemical compounds
Control and overexpressing RINm5F cells were seeded at a concentration of 2.5 ϫ 10 4 cells/well in 100 l culture medium in 96-well microplates and allowed to attach for a period of 24 h at 37°C before incubation with the different test compounds. Test compounds were dissolved in 10 mM HCl immediately before the experiment and added to the incubation medium (20 mM Hepes-supplemented Krebs-Ringer bicarbonate medium, pH 7.4, without glucose) (15) . The pH of the buffer was not affected by these additions. Cells were incubated with different concentrations of alloxan, ninhydrin, uramil or streptozotocin, and glutathione, cysteine, or DTT for 1 h at 37°C in the incubation medium and, after removal of the test compounds, for another 24 h in RPMI 1640 medium at 10 mM glucose. In some sets of experiments, antioxidative enzymes were added to the incubation medium. After the overnight incubation period, the viability of the cells was determined by using a microplate-based MTT assay (21) . Viability was expressed as percentage of the untreated samples.
Oxygen uptake
Oxygen uptake by alloxan, ninhydrin, uramil, and streptozotocin, and in the presence of thiols was measured by using a WTW Oxi 340/SET dissolved oxygen meter (WTW, Weilheim, Germany). The buffer used was 50 mM potassium phosphate at pH 7.4, and the temperature was maintained at 25°C. Recordings of oxygen uptake were started immediately after addition of the test compounds to the buffered thiol solutions; in experiments in which the effects of superoxide dismutase and catalase were investigated, these were added before the test substances.
Enzymatic glucose phosphorylation capacity of control RINm5F and GLUT2 RINm5F cell homogenates after exposure to alloxan, ninhydrin, and uramil
Control RINm5F and GLUT2 RINm5F cells were seeded at a concentration of 3 ϫ 10 6 cells and allowed to attach for a period of 24 h at 37°C before incubation with alloxan (10 mM), ninhydrin (0.25 mM), or uramil (5 mM) (23) . Cells were incubated with test compounds for 5 min at 37°C (23) . After removal of the incubation medium, the cells were washed twice with PBS and trypsinized. Thereafter, the cells were homogenized by sonication (60 W, three bursts of 10 sec each) and immediately used for spectrophotometric measurement of glucose phosphorylation capacity in an enzyme-coupled assay containing 25 mM glucose, as described previously (19) .
Statistical analyses
Data are expressed as mean Ϯ SEM. Statistical analyses were done by using one-way ANOVA followed by Dunnett's test or Tukey-Kramer test for multiple comparisons. EC 50 values were calculated from nonlinear regression analyses using the onephase exponential decay algorithm of the Prism4 analysis program (GraphPad, San Diego, CA). Fig. 2A ). In contrast, alloxan was toxic to RINm5F insulin-producing cells expressing the GLUT2 glucose transporter, with a half maximally effective concentration (EC 50 ) of alloxan, at which 50% of the cells died, of 3.9 mM (see Table 1 ). In the presence of GSH (1, 5, or 10 mM), alloxan became very toxic to RINm5F cells, irrespective of the expression of the GLUT2 glucose transporter. The EC 50 values of alloxan under these conditions were between 17-39 M for both RINm5F control and RINm5F-GLUT2 cells. Interestingly, in the combination of alloxan with GSH, the toxicity decreased with increasing GSH concentrations between 1 and 10 mM, resulting in a doubling of the EC 50 value (see Table 1 ) confirming that the ratio of alloxan to GSH concentration is important for the toxicity (7). Similar effects were observed with the thiols cysteine and DTT. The EC 50 values for these compounds with alloxan were between 17 and 43 M, whereas the toxicity decreased again at higher concentrations of the thiols (5 mM) (see Table 1 ).
RESULTS
Toxicity of alloxan, uramil and ninhydrin in the presence of thiols in RINm5F insulin-producing cells
Ninhydrin, with EC 50 values of 19 and 25 M, respectively, showed a prominent toxicity against RINm5F control and RINm5F-GLUT2 cells (Table 1; Figs. 2A and 3A). Addition of 5 or 10 mM GSH to the incubation media did not affect the toxicity significantly. Only at 1 mM GSH was a slight increase of the EC 50 (ϳ40-50 M) detectable. Cysteine abolished the toxic effect of ninhydrin totally up to concentrations of 250 M (see Table 1 ). The reason for this loss of the toxic effect is likely an adduct formation of ninhydrin and cysteine (18) . In contrast, DTT (1 and 5 mM) had a strong enhancing effect on the toxicity of ninhydrin to RINm5F insulin-producing cells as well as to RINm5F cells expressing the GLUT2 glucose transporter. The EC 50 was between 2 and 5 M ninhydrin (see Table 1 ).
Uramil had a comparable toxic effect both on RINm5F control and RINm5F-GLUT2 cells with EC 50 in the range of 121-137 M (see Table 1 ). In contrast to the other analyzed compounds, the toxicity of uramil was inhibited by all three thiols used. GSH (1, 5, and 10 mM) strongly reduced or even completely suppressed the uramil toxicity in a concentration-dependent manner. The 10 mM GSH together with 500 M uramil did not cause significant cell death. In incubations with uramil and cysteine (1 and 5 mM), the EC 50 was ϳ400 M. An addition of DTT (1 and 5 mM) to the uramil-containing medium (up to 500 M) inhibited the toxic effect of the compound completely (see Table 1 ). The reason for this loss of toxicity in the presence of the thiols is again likely adduct formation. The toxicity of streptozotocin was not affected by addition of thiols (data not shown). 
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Data are expressed as mean Ϯ SEM with the numbers of experiments given in parentheses. The EC 50 values were calculated by nonlinear regression analyses. Viability of the cells was determined by the MTT assay.
a p Ͻ 0.05; b p Ͻ 0.01. Statistical analyses were performed by using one-way ANOVA followed by Dunnett's test for multiple comparisons.
Effect of the antioxidative enzymes SOD and catalase on the toxicity of alloxan, uramil, and ninhydrin in RINm5F insulin-producing cells
Addition of SOD (125 g/ml) to the incubation medium did not affect the toxicity of alloxan in the absence of GSH (5 mM). Both in control RINm5F insulin-producing cells (Fig. 2B ) and in RINm5F insulin-producing cells expressing the GLUT2 glucose transporter (Fig. 3B) , alloxan was also not toxic in the presence of SOD. In the presence of GSH (5 mM), however, which increases the toxicity of alloxan strongly, addition of SOD (125 g/ml) to the incubation medium significantly decreased the toxicity of alloxan, both in control (Fig. 2B ) and in RINm5F-GLUT2 insulin-producing cells (Fig. 3B) .
No protective effect by SOD was detectable in the experiments with ninhydrin, uramil, or streptozotocin. But streptozotocin, in contrast to ninhydrin and uramil, showed, like alloxan, specificity of the toxic action for RINm5F-GLUT2 insulin-producing cells. The viability of RINm5F control cells after exposure to 10 mM streptozotocin was around 65%, whereas the viability of RINm5F-GLUT2 after incubation with 5 mM streptozotocin was only around 7%. The higher toxicity of streptozotocin to RINm5F-GLUT2 cells in comparison with RINm5F control cells can be explained by the preferential uptake of this compound into the cell by the GLUT2 glucose transporter (6) .
Addition of catalase (500 g/ml) to the incubation medium significantly reduced the toxicity of alloxan, ninhydrin, and uramil in RINm5F control (see Fig. 2C ) and RINm5F-GLUT2 cells (see Fig. 3C ), whereas the toxicity of streptozotocin remained unaffected by catalase addition (Figs. 2C and 3C) .
A combination of SOD and catalase did not provide more protection than catalase alone against the toxicity of alloxan, ninhydrin, and uramil, whereas toxicity against streptozotocin again remained unaffected (Figs. 2D and 3D) .
To evaluate the importance of the intracellular antioxidative defense for protection of insulin-producing cells against the toxicity of ROS generated by alloxan, ninhydrin, uramil, and streptozotocin, the protective effect of overexpression of the antioxidative enzymes SOD and catalase, alone and in combination, in the cytoplasm of RINm5F insulin-producing cells was analyzed. The level of SOD expression was 2.5 times higher, and the level of catalase expression was around 40 times higher than that in control cells (7) .
SOD overexpression provided protection against alloxan (50 M) in the presence of GSH (5 mM). The viability increased from 6% (Fig. 4A) to 66% (Fig. 4B) . The protection by SOD against ninhydrin and uramil was only marginal (Fig.  4B) .
Catalase overexpression also provided significant protection against the toxicity of alloxan in the presence of GSH (5 mM) (see Fig. 4C ), but against the toxicity of ninhydrin and uramil, the protection of catalase was more prominent than the protection of SOD (Fig. 4C) . The viability of RINm5F cells overexpressing catalase was approximately 3 times higher than that of SOD-overexpressing cells exposed to these three toxins (Fig. 4C) .
A combined overexpression of SOD plus catalase in RINm5F insulin-producing cells provided a slight additional protective effect against alloxan toxicity (50 M), but no additional protective effect against ninhydrin (50 M) and uramil (250 M) toxicity in comparison with catalase-overexpressing cells (see Fig. 4D ). Against the toxicity of streptozotocin, the overexpression of antioxidant enzymes had no significant protective effect (see Fig. 4A-D) .
Oxygen uptake by alloxan, ninhydrin, and uramil in the presence of thiols
To obtain direct evidence for redox cycling of the toxins with the thiols GSH, cysteine, and DTT, the initial oxygen uptake was determined. Oxygen was consumed in a solution of alloxan (50 M) with all three thiols (1 mM) ( Table 2) , confirming earlier publications (18) . In the reactions of ninhydrin (50 M) with the thiols (1 mM), only the combination with DTT resulted in a very high rate of oxygen uptake (see Table 2 ). Thus, ninhydrin apparently does not redox cycle with GSH and cysteine. Uramil (250 M) caused virtually no effect on oxygen uptake with the three thiols (see Table 2 ). This indicates that uramil does not redox cycle with these thiols (see Table 2 ). Streptozotocin (50 M) also did not cause oxygen uptake with the three thiols (data not shown). 
ROS AND ALLOXAN TOXICITY 695 FIG. 3. Toxicity of alloxan (ALX), ninhydrin (NIN), uramil (URA), and streptozotocin (STZ) in RINm5F insulin
The oxygen uptake by alloxan (50 M), ninhydrin (50 M), and uramil (250 M) in the presence of GSH, cysteine, and DTT (all 1 mM) was measured with a Clark electrode. The initial rates of oxygen uptake were calculated by nonlinear regression analyses. Data are expressed as mean Ϯ SEM with the numbers of experiments given in parentheses. Statistical analyses were performed by using one-way ANOVA followed by the Tukey-Kramer test for multiple comparisons. 
Enzymatic glucose-phosphorylation capacity of control RINm5F and GLUT2 RINm5F cell homogenates after exposure to alloxan, ninhydrin, and uramil
To prove that alloxan is taken up into the cell via the GLUT2 glucose transporter, RINm5F control and RINm5F-GLUT2 cells were incubated with alloxan (10 mM), ninhydrin (0.25 mM), or uramil (5 mM). Enzymatic glucose phosphorylation capacity was decreased to the same extent after ninhydrin and uramil incubation both in RINm5F control and RINm5F-GLUT2 cells (Table 3 ). In contrast, after incubation with alloxan, a significant reduction in the glucose phosphorylation capacity was noted only in RINm5F-GLUT2 cells but not in RINm5F control cells (see Table 3 ).
DISCUSSION
The results make it possible to define the crucial importance of the triketone structure of alloxan for its selective pancreatic beta cell toxic and diabetogenic action as follows:
1. The 5-keto group of the alloxan molecule is an integral element of the chemical structure of this pyrimidine derivative and thus a crucial feature that confers on it the similarity with the glucose molecule that is required for the selective uptake of alloxan into the pancreatic beta cell via the low affinity GLUT2 glucose transporter in the plasma membrane (8, 9) and thus for its selective toxicity to insulin-producing cells and its diabetogenicity. This was confirmed in the present study by showing that only alloxan significantly increased the inhibition of glucose phosphorylation in GLUT2 glucose transporter-expressing cells, whereas the inhibitory effect of ninhydrin and uramil on glucose phosphorylation (16, 17) was not increased. 2. Uramil, the amino derivative of alloxan (16) , in which the 5-keto group of the alloxan molecule is replaced by an amino group, is not selectively beta cell toxic, as shown by the observation that, in contrast to alloxan, it is not more toxic in RINm5F insulin-producing cells expressing the GLUT2 glucose transporter than in cells that do not express this transporter. The reason for this is that through this chemical modification, the molecule loses the required similarity with the glucose molecule, so that it is no more selectively taken up into the cell via the GLUT2 glucose transporter. 3. However, the triketone structure of alloxan confers on this molecule the ability to initiate redox cycling through reaction with the monothiol GSH, as well as the amino acid cysteine, which provides the reactive SH group to the tripeptide GSH, confirming earlier observations that showed that the formation of the reduction product in this reaction between alloxan and GSH is accompanied by characteristic ultraviolet spectral changes (3, 18) . As shown diagrammatically, this results in the formation of the toxic ROS (Fig. 5) . From this originates the toxicity of alloxan. Replacement of the keto group of the alloxan molecule by the amino group, as in the case of uramil, abolishes the ability to redox cycle not only with GSH but also with cysteine and DTT. In the same way, many other pyrimidine derivatives lacking a keto group in position C-5 have been found before to be inactive (16) . The interaction of uramil with these thiols causes for- mation of adducts with these thiols (unpublished observation), thereby forming inactive and nontoxic compounds, because the reactive 5-keto group is lost through this adduct formation. This observation is in agreement with observations that whenever adducts are formed and result in a loss of the triketone structure, the biologic activity of alloxan and ninhydrin is lost (3, 18). 4. The experiments with extracellular addition of GSH show that alloxan also can be toxic when it is able to redox cycle extracellularly, even if the GLUT2 transporter for uptake is not present in the plasma membrane. During the redox cycling, superoxide radicals and hydrogen peroxide are generated. These can be inactivated extracellularly through addition of SOD and catalase. Otherwise, the hydrogen peroxide molecules formed extracellularly can pass the plasma membrane, and toxic hydroxyl radicals can be generated intracellularly in the Fenton reaction. (7). 5. The fact that catalase provides protection against uramil toxicity but not against streptozotocin toxicity indicates that, although not through redox cycling with the monothiols GSH and cysteine and with the dithiol DTT, uramil may be cytotoxic also through generation of ROS, even though it is not possible to explain at present the exact underlying mechanism. 6. The triketone ninhydrin, in contrast to alloxan, does not redox cycle with these monothiols. With the amino acid cysteine, it reacts in its typical manner as an amino group reagent (1), thereby being inactivated through adduct formation (26) . But it redox cycles very vigorously with the dithiol DTT, confirming earlier observations (18) . DTT can be considered a model dithiol for dithiols present in many cellular proteins, thus indicating that triketones can cause cell damage in principle through generation of ROS by reaction with many different cellular thiols. Overall, however, the ability of ninhydrin to react with many biologic structures in multiple ways (1, 20, 28) makes this compound a less-specific toxic agent. 7. Conversely, although it is a triketone, ninhydrin is not selectively pancreatic beta cell toxic, because it is apparently not sufficiently similar to the glucose molecule and therefore not taken up selectively into the pancreatic beta cell via the GLUT2 glucose transporter. 8. Thus, both uramil and ninhydrin are, like alloxan, also toxic through generation of ROS. This conclusion is supported by the fact that catalase provides protection against toxicity of uramil and ninhydrin. However, because SOD does not provide protection, this indicates that, at variance from the situation with alloxan (7, 22, 24, 31) , ROS-generating reactions not depending on superoxide radical (O 2 иϪ ) formation come into action. The fact that catalase provides protection indicates that removal of hydrogen peroxide (H 2 O 2 ) is responsible for this protection, thereby preventing formation of the hydroxyl radical ( и OH), which is ultimately responsible for cell death (22, 31) . Both compounds, in contrast to alloxan, are not glucose analogues and therefore are not selectively pancreatic beta cell toxic and thus also not suited for induction of experimental diabetes (27) . 9. Streptozotocin, although it does apparently not redox cycle with typical thiols in the cells (unpublished observation), is, like alloxan, another prominent selectively beta-cell toxic and diabetogenic agent (27) . It is cytotoxic through its alkylating potency (2, 6, 11, 14, 25) and shares with alloxan the ability to interfere with the beta-cell O-GlcNAc pathway (13) . These results thus prove that different mechanisms of toxic action can result in selective beta-cell toxicity and thus diabetogenicity, as long as a chemical similarity with the glucose molecule secures a selective uptake into the pancreatic beta cell.
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ABBREVIATIONS
CAT, catalase; CuZnSOD, copper zinc superoxide dismutase; DTT, dithiothreitol; EC 50 , half maximally effective concentration; G 418, geneticin; GSH, glutathione; H 2 O 2 , hydrogen peroxide; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MnSOD, manganese superoxide dismutase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; O 2 , oxygen; O 2 иϪ , superoxide radical; и OH, hydroxyl radical; ROS, reactive oxygen species; SOD, superoxide dismutase.
